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Lignin is an integral part of the plant cell wall, which provides rigidity to plants, also con-
tributes to the recalcitrance of the lignocellulosic biomass to biochemical and biological 
deconstruction. Lignin is a promising renewable feedstock for aromatic chemicals; how-
ever, an efficient and economic lignin depolymerization method needs to be developed 
to enable the conversion. In this study, we investigated the depolymerization of alkaline 
lignin in aqueous 1-ethyl-3-methylimidazolium acetate [C2C1Im][OAc] under oxidizing 
conditions. Seven different transition metal catalysts were screened in presence of H2O2 
as oxidizing agent in a batch reactor. CoCl2 and Nb2O5 proved to be the most effective 
catalysts in degrading lignin to aromatic compounds. A central composite design was 
used to optimize the catalyst loading, H2O2 concentration, and temperature for product 
formation. Results show that lignin was depolymerized, and the major degradation 
products found in the extracted oil were guaiacol, syringol, vanillin, acetovanillone, 
and homovanillic acid. Lignin streams were characterized by Fourier transform infrared 
spectroscopy and gel permeation chromatography to determine effects of the exper-
imental parameters on lignin depolymerization. The weight-average molecular weight 
(Mw) of liquid stream lignin after oxidation, for CoCl2 and Nb2O5 catalysts were 1,202 
and 1,520 g mol−1, respectively, lower than that of Kraft lignin. Polydispersity index of 
the liquid stream lignin increased as compared with Kraft lignin, indicating wide span 
of the molecular weight distribution as a result of lignin depolymerization. Results from 
this study provide insights into the role of oxidant and transition metal catalysts and the 
oxidative degradation reaction sequence of lignin toward product formation in presence 
of aqueous ionic liquid.
Keywords: catalyst, depolymerization, ionic liquids, lignin, oxidation
inTrODUcTiOn
Lignin is the second most abundant terrestrial biopolymer on earth and is one of the three main 
building blocks of lignocellulosic biomass (Das et  al., 2012). Depending on the biomass source, 
lignin accounts for approximately 10–30% of the biomass together with cellulose, hemicellulose, 
and other minor components (Chatel and Rogers, 2013). Lignin is a three dimensional polyphenolic 
biopolymer synthesized in plants mainly from coniferyl, sinapyl, and p-coumaryl alcohol (Brandt 
et  al., 2015). These monomers give rise to guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) 
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subunits via free radical polymerization (Brandt et  al., 2015). 
As projected by the 2009 Renewable Fuel Standard (RFS2) on 
basis of the 2007 Energy Independence and Security Act, the US 
alone will generate approximately 60 million dry tons of lignin 
annually from the capacity of cellulosic biorefineries by year 2022 
(Tilman et al., 2009; Somerville et al., 2010; Brown and Brown, 
2013). This quantity will add on top of the existing ~100 million 
dry tons of lignin from paper and pulping industry (Chakar and 
Ragauskas, 2004; Ragauskas et al., 2014). Despite its great poten-
tial to a wide range of chemicals, lignin is yet an underutilized 
substrate, and under the current biorefinery concept, lignin is 
commonly burned to generate steam and electricity. It is critical 
to convert lignin waste streams to high value-added chemicals to 
enable cost-competitive biofuels and chemicals production in a 
biorefinery (Ragauskas et al., 2014; Beckham et al., 2016; Mottiar 
et al., 2016).
Lignin’s full potential as a renewable source for aromatic 
compounds can be, in part, unlocked only if an efficient and 
economic method for lignin depolymerization and valorization is 
developed (Prado et al., 2016a). The heterogeneity of lignin (both 
in its varied bond chemistry and its variability between plants), 
however, is the major hurdle to its targeted upgrading and reuse 
as a feedstock for chemicals and advanced materials (Das et al., 
2012). The type and abundance of the inter-unit linkages (β-O-4, 
β-β, β-5, 5-5, and 5-O-4), as combinations of carbon–oxygen and 
carbon–carbon bonds, vary largely based on the plant type 
(Zakzeski et al., 2010a). Several lignin conversion methods are 
currently under investigation, inlcuding hydrolysis, hydrogenoly-
sis, pyrolysis, catalytic oxidation, and biological depolymerization 
(Stärk et al., 2010). Among those, catalytic oxidation is one of the 
suitable routes as the side-chain aliphatic OH, the terminal phe-
nolic OH groups, and the reactive benzylic positions in lignin can 
be selectively modified via oxidation. Lignin oxidation produces 
a suite of platform compounds with added functionalities, which 
can be subsequently separated through filtration or extraction 
(Crestini et al., 2010; Pandey and Kim, 2011).
Ionic liquids (ILs) have received increasing interest because 
of their high efficacy in fractionating and pretreating lignocel-
lulosic biomass. ILs are defined as salts consisting of cations and 
anions, which typically melt at or below 100°C. ILs have wide 
range of applications due to their unique properties including 
negligible vapor pressure, thermal, electrochemical, and chemi-
cal stability, and versatile solvent power (Marszałł and Kaliszan, 
2007). Several ILs, such as 1-ethyl-3-methylimidazolium 
acetate [C2C1Im][OAc], 1-butyl-3-methylimidazolium chloride 
[C4C1Im][Cl] (Kilpeläinen et al., 2007), 1,3-dimethylimidazolium 
methylsulfate [C2C1Im][MeSO4] (Tan et al., 2009), and 1-butyl-
3-methylimidazolium methylsulfate [C4C1Im][MeSO4] (Pu et al., 
2007) have proven their efficacy toward delignification of plant 
biomass and lignin depolymerization. The solvent property of an 
IL is the key for lignin solvation. It was suggested that the anion 
of IL is the dominating factor influencing lignin dissolution as 
compared with cation. The affinity in which anions intereacting 
with lignin is in the order of sulfate > lactate > acetate > chlo-
ride > phosphate (Prado et al., 2016a).
Despite the effectiveness of [C2C1Im][OAc] and similar 
ILs at reducing the recalcitrance of lignocellulosic biomass 
and solubilizing lignin, the challenges associated with product 
recovery and IL recycling hinder the commercial scale-up of an 
IL-based technology (Datta et  al., 2010; Klein-Marcuschamer 
et al., 2011; Gladden et al., 2014). In an aqueous IL pretreatment 
system, the majority of the lignin is extracted to the liquid phase 
(black liquor) and separation of lignin form this liquid system 
is however challenging. Hence, direct lignin valorization in 
aqueous (liquor) IL could offer a new strategy for selective lignin 
depolymerization meanwhile help to tackle the challenges associ-
ated with IL recycle and product recovery, thus improving the 
economics of an IL-based biorefining process.
Catalytic oxidation of lignin and lignin model compounds 
into aromatic chemicals in various solvent systems has been 
explored (Behling et  al., 2016). Oxidative catalysts including 
inorganic metal-based catalysts, organocatalysts, and metallo-
based complexes have been investigated for lignin oxidation to 
produce high value chemicals (Crestini et al., 2010). Transitional 
metals are known catalysts for oxidation reaction with several 
transition metals such as CuII, FeIII, MnII,III, CoII, and ZrIV identi-
fied in enhancing product yields of lignin oxidation (Zakzeski 
et al., 2010a). Side-chain cleavage and ether bond hydrolysis are 
the predominant reactions during the oxidation of lignin model 
compounds (Zhang et al., 2016).
A few oxidizing agents such as H2O2 and oxygen have been 
demonstrated effective in lignin depolymerization when com-
bined with metal oxide-based catalysts; however, most of the 
studies were carried out in organic solvents or water under basic/
acidic conditions (Zakzeski et  al., 2010b; Behling et  al., 2016). 
Several studies have explored catalysis of lignin model com-
pounds and technical lignin in 100% IL medium (Zakzeski et al., 
2010b; Chatel and Rogers, 2013; Xu et al., 2014). Delignification 
of miscanthus and willow in [HC4Im][HSO4] and [Et3NH][HSO4] 
and subsequent lignin depolymerization in the black liquor using 
H2O2 in presence of TiO2 catalyst were reported recently (Prado 
et  al., 2016a,b). Despite many reports of using [C2C1Im][OAc] 
for biomass delignification, catalytic lignin depolymerization in 
aqueous [C2C1Im][OAc] has not been explored. There is a gap in 
our understanding of the interplay of catalyst, oxidizing agent, 
and product formation in an aqueous IL system (Zhang et  al., 
2016). Hence, the objectives of this study are to: (1) screen transi-
tion metal catalysts in aqueous [C2C1Im][OAc] IL system; (2) 
investigate the effects of catalyst loading, temperature, and H2O2 
concentration on the production of aromatic compounds from 
alkaline (Kraft) lignin; (3) characterize the lignin before and after 
oxidation reaction. Results from this study provide insights into 
the oxidative degradation pathway of lignin in the presence of 
aqueous IL and the selectivity of catalyst/oxidizing agent toward 
the formation of desirable products.
MaTerials anD MeThODs
Materials
Transition metal salts Nb2O5 (99.9%), CoCl2⋅6H2O (98%), CuSO4 
(99%), MnN2O6⋅4H2O (97%), TiO2 (99.8%), CrKO8S2⋅12H2O 
(98%), and NiCl2⋅XH2O (99.9%) were obtained from Sigma 
Aldrich (St. Louis, MO, USA). The IL ([C2C1Im][OAc]), alkaline 
Table 1 | Experimental factors and their coded levels of independent variables 
for central composite design.
Factors code coded variable levels
−α −1 0 1 +α
H2O2 concentration (%) X1 0.43 1 3 5 5.57
Catalyst loading (%) X2 0.43 1 3 5 5.57
Temperature (°C) X3 74 80 100 120 126
3
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(Kraft) lignin, 2-methyltetrahydrofuran (MeTHF, 99%), H2O2 
(30%), guaiacol (98%), syringol (98%), vanillin (99%), acetova-
nillone (98%), and homovanillic acid (98%) were also procured 
from Sigma Aldrich (St. Louis, MO, USA).
lignin Depolymerization, extraction, and 
analytical Method
Lignin oxidation reactions were performed in batch reactors. 
Prior to the reaction, lignin (10 wt%) was treated in [C2C1Im]
[OAc] for 3 h at 140°C by following a typical IL pretreatment 
condition shown elsewhere (Li et  al., 2010); subsequently the 
IL–lignin mixtures were diluted by adding water at a mass ratio 
of 1:1 to a 2 mL total volume. To the above mixture, a predeter-
mined amount of catalyst and H2O2 were added and the reaction 
was conducted at different temperatures (74–126°C) for 3 h with 
constant mixing by a magnetic stir bar at 200 rpm. The catalyst 
and hydrogen peroxide (commercially available 30% H2O2 solu-
tion) loadings were based on the total weight of IL and lignin. 
After reaction, residual lignin was precipitated by addition 
of 2  mL of water followed by centrifugation at 4,000  rpm for 
15 min to separate solids from liquid stream. The liquid stream 
was subjected to a liquid–liquid extraction using MeTHF for 
three times. Finally, the MeTHF was evaporated to leave thick 
oil in a vacuum oven at 30°C for 24 h. The oil was re-dissolved in 
750 µL of ethyl acetate and analyzed by GC/MS for monomeric 
compounds.
The solid stream (residual lignin) was washed by 5 mL warm 
water for four times and subsequently oven dried for 24 h at 70°C. 
Lignin conversion was calculated using Eq. 1
 
Conversion(%)
weight of
initial lignin
weight of
precipitated li
=
−
gnin
weight of initial lignin
×100
 
(1)
Identification and quantification of the monomeric products 
from the depolymerization reaction were performed by Agilent 
7890B GC coupled 5977B MS with an HP-5ms (60 m × 0.32 mm) 
capillary column. The temperature program started at 50°C and 
increased to 120°C at 10°C min−1 with a holding time of 5 min; then 
it was raised to 280°C at 10°C min−1 with a holding time of 8 min 
and to 300°C at 10°C min−1 with holding time of 2 min (Prado 
et al., 2016a). Helium was used as a carrier gas at a flow rate of 
1.2 mL min−1. Calibration curves were created using commercially 
available pure compounds: guaiacol, syringol, vanillin, acetovanil-
lone, and homovanillic acid (Sigma Aldrich, St. Louis, MO, USA).
screening of catalysts
In a series of preliminary screening experiments, various tran-
sition metal catalysts including Nb2O5, CoCl2⋅6H2O, CuSO4, 
MnN2O6⋅4H2O, TiO2, CrKO8S2⋅12H2O, and NiCl2⋅XH2O were 
tested in batch reactors. Catalyst and H2O2 were both loaded at 
5 wt% loading (IL + lignin); the screening experiments were con-
ducted at 120°C and a reaction time of 3 h (Prado et al., 2016a). 
Identification and determination of product formation and con-
centration were performed according to the batch experiments 
mentioned in the Section “Lignin Depolymerization, Extraction, 
and Analytical Method.”
experimental Design
An orthogonal central composite design (CCD) (Table  1) was 
used to study the effect of H2O2 concentration, catalyst loading, 
and temperature on product concentration for selected catalysts. 
Levels for independent variables were selected to be, 1–5%, 1–5%, 
and 80–120°C for H2O2 concentration, catalyst loading, and 
temperature, respectively.
A CCD consists of 2p factorial runs with 2p axial runs and Pc 
center runs. In this study, the independent variables were H2O2 
concentration (X1), catalyst loading (X2), and temperature (X3). 
For each independent variable, a 23 full factorial CCD for the 
three variables consisting of 8 factorial points, 6 axial points, and 
3 replicates at the center points were employed, which accounted 
for a total of 17 experiments.
The center points were used to determine the experimental 
error and reproducibility of the data. Low and high levels of the 
independent variable were coded as −1 and +1. Axial points were 
located at (±α, 0, 0), (0, ±α, 0), and (0, 0, ±α) where α is the 
distance of the axial point. In this study, α value was fixed at 1.287. 
The experimental sequence was randomized to minimize the 
effects of uncontrolled errors. The response variable for this study 
was product concentration (Y1). Response was used to develop an 
empirical model corresponding to product concentration using a 
second-degree polynomial equation as given in Eq. 2:
 
Y x x x x
i
n
i i
ii
n
ii i
i
n
j i
n
ij i j
^
= + + +∑ ∑ ∑∑
=
−
= +
β β β β0
2
1
1
1  
(2)
where Y
^
 is the response, β0 is the intercept, βi the linear coeffi-
cients, βii the quadratic coefficients, βij the interaction coefficients, 
and xixj are the coded values.
lignin characterization
Gel Permeation Chromatographic (GPC) Analysis
The weight-average molecular weight (Mw) and number-average 
molecular weight (Mn) of the residual lignin were measured by 
GPC after acetylation (Samuel et al., 2014). An Ultimate 3000 
HPLC system (Dionex Corporation, Sunnyvale, CA, USA) 
equipped with an ultra violet (UV) detector was used. Separation 
was accomplished with a Mixed-D PLgel column (5 µm particle 
size, 300 mm × 7.5 mm i.d., linear molecular weight range of 
200–400,000 µm, Polymer Laboratories, Amherst, MA, USA) at 
80°C using a mobile phase of THF at a flow rate of 0.5 mL min−1. 
Elution profile of materials eluting from the column was 
monitored by UV absorbance at 280 nm and calibrated using a 
polystyrene standards kit (Sigma-Aldrich).
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FigUre 1 | Screening of transition metal catalysts.
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Fourier Transform Infrared (FTIR)
Changes in the chemical structure of untreated lignin and 
residual lignin were performed using a Thermo Nicolet Nexus 
870 FTIR-ATR spectroscopy. Spectra of the lignin samples were 
obtained using an average of 64 scans in the range of 700 and 
4,000 cm−1 with a spectral resolution of 1.928 cm−1.
resUlTs anD DiscUssiOn
catalyst selection and Model 
Development
Catalysts were screened based on the total product concentration 
and conversion. Results obtained from the screening experiments 
show that out of the seven catalysts used CoCl2 and Nb2O5 gave 
the highest product concentration and conversion compared to 
the other catalysts (Figure 1). Subsequently, optimization of batch 
experiments was performed using these two catalysts. Cobalt 
(Co)-based catalysts have been used for oxidation of lignin model 
compounds and alcohols in 1-ethyl-3-methylimidazolium dieth-
ylphosphate ([C2C1Im][DEP]) (Zakzeski et al., 2010b, 2011). Co 
species facilitate the oxidation reaction by readily catalyzing the 
disproportionation of H2O2 to form O2 and H2O (Pokutsa et al., 
2009). In addition, several studies reported niobium oxide as a 
selective and effective oxidation catalyst for a wide range of oxida-
tion reactions (Wachs et al., 2000). Apart from acting as a strong 
Lewis acid, niobium oxide also has the capability to stabilize oxi-
dation cation species, which could assist in the electrophilic attack 
of H2O2 on lignin (Fielicke et al., 2003; Nakajima et al., 2011).
Concentrations (mg  L−1) of five products: guaiacol, syrin-
gol, vanillin, acetovanillone, and homovanillic acid were 
determined by GC/MS for all the reaction conditions based on 
the central composite design. Results illustrate that the total 
product concentrations for CoCl2 catalyst were in the range 
of 545.3–1,200.5  mg  L−1; whereas for Nb2O5 catalyst the total 
product concentrations fell into 340.7–1,325.6  mg  L−1 range 
(Table 2). In addition, obtained data were fitted to a polynomial 
model to optimize the reaction parameters for the formation of 
products from lignin using a desirability approach (JMP 12, SAS 
Institute, Inc., Cary, NC, USA). The suggested optimum levels 
for CoCl2 catalyst were temperature of 120°C, catalyst loading of 
1%, and H2O2 concentration of 1%, corresponding to a predicted 
total product concentration of 1,079.5 mg L−1 at 95% confidence 
interval (989.0, 1,169.9). For Nb2O5 catalyst, the optimum reac-
tion parameters were temperature of 120°C, catalyst loading of 
4.45%, and H2O2 concentration of 3.08%, corresponding to a 
predicted total product concentration of 1,262.6 mg L−1 at 95% 
confidence interval (1,182.8, 1,342.3). The quadratic regression 
models for the CoCl2 and Nb2O5 catalysts were shown below:
 
Y X X X
X X
C
^
oCl2 = − − +
+ + +
718 91 37 43 92 79 155 90
14 71 12 57
1 2 3
1
2
2
2
. . . .
. . 111 19
31 01 36 17 58 88
3
2
1 2 1 3 2 3
.
. . .
X
X X X X X X+ + +  
(3)
 
Y X X X
X X
^
Nb O2 5 735 42 37 09 104 98 195 64
33 49 84 95
1 2 3
1
2
2
2
= − + +
− −
. . . .
. . +
− + +
285 65
6 65 45 10 19 73
3
2
1 2 1 3 2 3
.
. . .
X
X X X X X X  
(4)
where, X1, X2, and X3 are H2O2 concentration, catalyst loading, 
and temperature, respectively. The linear effects were represented 
by the coefficients of one factor (X1, X2, X3), while the coefficients 
Table 2 | Experimental conditions and corresponding product concentrations, conversion, and yield.a
iD Pattern catalyst 
loading 
(%)
h2O2 
conc. 
(%)
Temperature 
(°c)
cocl2 catalyst nb2O5 catalyst
Total product 
concentration 
(mg l−1)
Yield with 
respect to 
lignin (%)
conversion 
(%)
Total product 
concentration 
(mg l−1)
Yield with 
respect to 
lignin (%)
conversion  
(%)
1 000 3 3 100 765.2 (83.6) 0.6 (0.06) 40.3 (0.15) 758.7 (3.2) 0.6 (0.01) 41.7 (0.34)
2 +++ 5 5 120 961.9 (7.2) 0.7 (0.01) 78.1 (0.52) 1,301.6 (36.9) 1.0 (0.03) 80.1 (0.26)
3 0A0 3 5.57 100 737.0 (29.5) 0.6 (0.02) 47.3 (0.18) 553.1 (8.5) 0.4 (0.01) 40.2 (0.72)
4 −−+ 1 1 120 1,055.9 (17.1) 0.8 (0.01) 33.9 (0.38) 1,061.8 (1.1) 0.8 (0.00) 20.2 (0.44)
5 +−+ 5 1 120 952.5 (26.5) 0.7 (0.02) 70.9 (1.00) 1,171.8 (40.2) 0.9 (0.03) 72.7 (0.05)
6 A00 0.43 3 100 864.1 (23.9) 0.7 (0.02) 20.8 (0.18) 340.7 (9.2) 0.3 (0.01) 32.2 (0.37)
7 ++− 5 5 80 545.3 (25.0) 0.4 (0.02) 65.5 (0.50) 617.7 (7.3) 0.5 (0.01) 29.5 (0.52)
8 −+− 1 5 80 760.3 (2.3) 0.6 (0.01) 21.8 (1.35) 613.1 (12.4) 0.5 (0.01) 29.1 (1.20)
9 000 3 3 100 720.5 (70.6) 0.5 (0.01) 40.6 (0.47) 739.3 (8.6) 0.6 (0.01) 42.2 (0.78)
10 0a0 3 0.43 100 714.2 (14.5) 0.5 (0.01) 41.2 (0.08) 765.4 (13.9) 0.6 (0.01) 38.8 (1.22)
11 +−− 5 1 80 657.1 (10.0) 0.5 (0.01) 67.1 (4.06) 847.2 (35.3) 0.6 (0.03) 31.2 (0.20)
12 −−− 1 1 80 1,019.7 (14.3) 0.8 (0.01) 20.9 (0.96) 637.2 (27.6) 0.5 (0.02) 44.9 (0.68)
13 00A 3 3 126 1,200.5 (17.5) 0.9 (0.01) 52.8 (0.26) 1,325.6 (29.4) 1.0 (0.02) 43.5 (1.74)
14 00a 3 3 74 570.5 (24.9) 0.4 (0.02) 40.5 (0.01) 1,050.5 (36.5) 0.8 (0.03) 29.6 (0.30)
15 A00 5.57 3 100 580.0 (11.4) 0.4 (0.01) 80.4 (0.23) 807.3 (7.2) 0.6 (0.01) 29.6 (0.30)
16 −++ 1 5 120 964.9 (4.8) 0.7 (0.01) 33.8 (0.39) 1,039.2 (29.8) 0.8 (0.02) 31.2 (0.20)
17 000 3 3 100 718.4 (15.2) 0.5 (0.05) 41.7 (0.10) 763.7 (3.3) 0.6 (0.01) 42.0 (2.28)
aThe values in the parenthesis represent the standard deviations (SDs).
FigUre 2 | Representative GC chromatography [peaks representing a: guaiacol, b: 4-methoxy-1,3-benzenediamine, c: 1,3,5-benzenetriol, d: syringol, e: vanillin, f: 
1-methyl-4-thiouracil, g: acetovanillone, h: homovanillic acid, 1: 1-ethyl imidazole, and 2: butylated hydroxytoluene (stabilizer for MeTHF)]. Experimental conditions: 
temperature: 120°C, catalyst loading: 1%, and H2O2 concentration: 1%.
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of the second-order term ( )X X X1
2
2
2
3
2, ,  and two-factor term (X1X2, 
X1X3, X2X3) represent the quadratic effects and interaction effects, 
respectively.
lignin breakdown Product identification
Products obtained from the catalytic oxidation process were 
identified and quantified using GC/MS. Figure  2 shows a GC 
chromatography representing the mixture of aromatic products 
derived from lignin after catalytic oxidation in aqueous IL. 
Several lignin derived monomers of commercial interest such 
as guaiacol, syringol, vanillin, acetovanillone, and homovanillic 
acid were determined quantitatively for both catalysts. Guaiacol 
was the major oxidation product followed by homovanillic acid, 
acetovanillone, vanillin, and syringol. For CoCl2 catalyst, the 
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concentration of guaiacol was in a range of 265.0–536.9 mg L−1 
whereas for Nb2O5 catalyst the concentration was in a range of 
235.4–649.4 mg L−1. The concentrations of homovanillic acid were 
in the range of 25.5–314.3 and 45.1–361.7 mg L−1, for CoCl2 and 
Nb2O5 catalysts, respectively. Other products such as syringol, 
vanillin, and acetovanillone were also present at small propor-
tions. The alkaline lignin used in this study was derived from 
softwood, which contains primarily G-lignin and a small quan-
tity of S-lignin in the original feedstock (Sigma-Aldrich, 2016). 
The fact that products obtained from oxidation reactions were 
mainly G-lignin derived compounds corroborates the G-lignin 
rich source. Similar profile of compounds were reported in a 
previous study using [C2C1Im][OAc] IL for the pretreatment of 
switchgrass, eucalyptus, and Kraft lignin (Varanasi et al., 2013). In 
another study, Stärk et al. (2010) reported similar product profiles 
from the catalytic oxidation of organosolv beech wood lignin 
with guaiacol as the main product probably due to the cleavage 
of β-aryl ether bond.
Product formation during a catalytic oxidation process is 
partially dependent on the basicity or acidity of the reaction 
system. Formation of vanillin from Kraft lignin by different oxi-
dants such as H2O2, O2, and nitrobenzene in NaOH medium has 
been reported (Xiang and Lee, 2000; Rodrigues Pinto et al., 2010; 
Pandey and Kim, 2011). It was reported that the IL, [C2C1im]
[OAc] possesses dual basic and acidic characteristics as a function 
of temperature (Varanasi et al., 2012). The hydrogen bond basic-
ity (β) decreased by 1.4% with an increase in temperature from 
120 to 160°C (Varanasi et  al., 2012). In an aqueous IL system, 
the hydrogen bond basicity (β value) can be correlated with the 
disruption of the inter- and intramolecular hydrogen bondings 
in cellulose, hemicellulose, and lignin (Shi et al., 2014). It is likely 
that the G-lignin monomeric products obtained in this study 
were phenolic moieties of G-lignin caused by losing phenolic 
proton under alkaline conditions at low reaction temperatures 
(Varanasi et al., 2012). These results lead to the hypothesis that 
the temperature-dependent dual basic and acidic characteristics 
of an IL could serve as a design basis to tune the aqueous IL 
system for better lignin solubility and product selectivity (Park 
and Kazlauskas, 2003; Shi et al., 2014).
effect of reaction Parameters on Product 
concentration and Yield
H2O2 Loading
The effect of H2O2 loading on total product concentration was opti-
mized for both catalysts. Figures 3A,C illustrate the effect of H2O2 
loading coupled with interactions of catalyst loading and reaction 
temperature for CoCl2 catalyst. From the 3D response surface plot, 
it appeared that the overall product concentrations increased with 
the decrease in H2O2 loading, with 1% H2O2 giving the highest 
concentration. In addition, results from ANOVA (Tables S1 and S3 
in Supplementary Material) indicate that H2O2 loading had a sig-
nificant effect (p = 0.020) whereas interaction effect of H2O2 with 
catalyst loading and temperature were not significant (p = 0.096 
and p = 0.055). Figures 4A,C illustrate the combined effect of H2O2 
concentration with catalyst loading and temperature on product 
concentration for Nb2O5 catalyst. Results from ANOVA (Tables S1 
and S4 in Supplementary Material) illustrate that H2O2 had less 
significant effect (p = 0.064) on product formation in the experi-
mental design specified levels. Furthermore, the interaction effects 
of H2O2 with catalyst loading and temperature were not significant 
(p = 0.772 and p = 0.058), which explain the lack of any particular 
trend in the 3D response surface plot.
For both catalysts, H2O2 concentration (in the design specified 
range) did not have a significant effect on product concentration. 
Results obtained from this study corroborate the findings by Das 
et al., using niobium oxalate catalyst in presence of H2O2 in an 
aqueous system where increasing H2O2 loading from 3 to 7% did 
not change the concentrations of vanillin and syringaldehyde sig-
nificantly. In another study, Xiang and Lee (2000) demonstrated 
that doubling H2O2 loading from 0.56 to 1.12 g resulted in a total 
aromatics yield of 9.8 and 8.3%, respectively. The decrease in 
product yield could be explained by the decomposition of excess 
H2O2 before its reaction with lignin or over-oxidization to other 
intermediate compounds (Xiang and Lee, 2000).
Catalyst Loading
The effects of CoCl2 catalyst loading combined with H2O2 concen-
tration and temperature on the total quantified product concentra-
tion are shown in Figures 3A,B. From the 3D surface plots, it is 
evident that 1% of CoCl2 catalyst loading gave the highest product 
concentration. ANOVA results (Tables S1 and S3 in Supplementary 
Material) demonstrate that catalyst loading alone and its interac-
tion with temperature were significant (p < 0.0001 and p = 0.003, 
respectively); however, the interaction effect of catalyst loading 
with H2O2 concentration was not significant (p = 0.096). The effect 
of Nb2O5 catalyst loading was also evaluated for total product 
concentrations. The combined effects of catalyst loading with H2O2 
concentration and temperature on total product concentration 
were illustrated in Figures 4A,B, respectively. Catalyst loading had 
a significant (p < 0.0001) effect, but the interaction effect of catalyst 
loading on H2O2 concentration and temperature were not significant 
(p = 0.772 and p = 0.393, respectively). Optimal catalyst loading 
was 4.48%, leading to a maximum predicted product concentration 
of 1,262.6 mg L−1. Similar trends were reported for degradation of 
pine wood lignin using vanadium-based polyoxometalate (POM) 
in presence of an acidic IL, 1-butylimidazolium hydrogen sulfate, 
and H2O2 (Prado et al., 2016b). Increasing POM loading from 1 
to 20% led to increases in vanillin yield from 0.01 to 0.22%, and 
the authors speculated that with increase in catalyst loading, more 
active sites became available for breaking down lignin to products. 
Taking together, results from this study suggest that catalyst load-
ing is catalyst-dependent and critical to both lignin conversion and 
product yield.
Reaction Temperature
The combined effects of temperature with CoCl2 catalyst loading 
and H2O2 concentration are illustrated in Figures  3B,C. Both 
temperature and temperature/catalyst loading interaction had 
significant (p <  0.0001 and p =  0.003) effects on total product 
concentration. Product concentration increased with increase in 
temperature and the highest product concentration was achieved 
at 120°C. Similarly, the combined effects of temperature with 
Nb2O5 catalyst loading and H2O2 concentration are shown in 
Figures  4B,C. Only temperature had significant (p <  0.0001) 
FigUre 3 | Surface response plots showing the effect of CoCl2 catalyst on product concentration: (a) catalyst loading and H2O2 concentration, (b) catalyst loading 
and temperature, and (c) temperature and H2O2 concentration.
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effect on product concentration whereas its interactions with 
H2O2 concentration and catalyst loading were not significant. 
Pokutsa et al. (2009) reported that elevation of temperature from 
80 to 120°C improved the conversion of precipitated hardwood 
lignin from 84.6 to 97.8% using H2O2 in a NaOH medium. In this 
study, for both catalysts, increasing temperature led to increases 
in product concentration, probably due to the formation of active 
hydroxyl and superoxide ions at higher temperatures as a result of 
hydrogen peroxide disintegration (Rodrigues Pinto et al., 2010).
characterization of lignin streams
FTIR-ATR
The ATR-IR spectra of alkaline lignin and residual lignin (after 
oxidation) are shown in Figure 5A. All lignin samples showed 
a wide absorption band at 3,400  cm−1, which is assigned to 
the O–H stretching vibrations in aromatic and aliphatic 
O–H groups (Tejado et  al., 2007). Bands around 2,930 and 
2,840 cm−1 can be assigned to C–H vibrations of CH2 and CH3 
groups; while signals between 1,700 and 1,400  cm−1 can be 
attributed to the aromatic skeletal vibrations (Cachet et  al., 
2014). The C=C of aromatic skeletal vibrations were reflected 
by peaks at 1,595 and 1,510 cm−1 (Prado et al., 2016b); these 
two stretches showed decrease in intensity when compared 
to unreacted alkaline lignin, indicating the oxidation of 
lignin at tested conditions. The bands found at 1,460 and 
1,420 cm−1 can be assigned to the C–H deformation in CH2 
and CH3 groups and C–H aromatic ring vibrations, respec-
tively. Notable decreases in peak intensity at 1,420  cm−1 for 
both catalysts were observed when compared to unreacted 
alkaline lignin, indicating possible breakdown of the CH2 and 
FigUre 4 | Surface response plots showing the effect of Nb2O5 catalyst on product concentration: (a) catalyst loading and H2O2 concentration, (b) catalyst loading 
and temperature, and (c) temperature and H2O2 concentration.
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CH3 groups by oxidation. The bands associated with guaiacyl 
(G) and syringyl (S) units of lignin were detected at 1,220, 
1,110, and 1,030  cm−1 (García et  al., 2012; Gordobil et  al., 
2016). The band at 1,220  cm−1 corresponding to C–C, C–O, 
and C=O stretching (G) showed a decrease in intensity from 
untreated lignin compared to catalyzed lignin. The band at 
1,110 cm−1 corresponding to aromatic C–H in plane deforma-
tion (S) also showed decrease in intensity as compared with 
unreacted alkaline lignin, possibly due to the reduced propor-
tion of S-lignin in the residual lignin. Meanwhile, the band at 
1,030 cm−1 assigning to aromatic C–H in plane deformation 
(G > S) remained constant for all the three peaks. Collectively, 
these observations supported the general fact that the lignin 
used in this study is dominated by G-units and indicated pos-
sible preferential breakdown of S-lignin as a result of its high 
chemical reactivity (Shi et al., 2016).
GPC Analysis
The Mw (weight-average molecular weight) and Mn (number-
average molecular weight) of the alkaline lignin and residual 
lignin after oxidation reaction are shown in Table  3 and the 
molecular weight distribution (MWD) profiles are depicted 
in Figure 5B. Comparing the MWD profiles of the unreacted 
alkaline lignin with residual lignins, the MWD curves of the 
residual lignins shifted to the right (translating to late elution 
time and lower Mw as shown in Table 3), indicating lignin depo-
lymerization caused by oxidation. The extent of depolymeriza-
tion was greater for Nb2O5 catalyst, as indicated by the slightly 
lower Mw and Mn when compared with that of CoCl2 catalyst. 
This observation was further supported by the higher products 
concentration and greater conversion when comparing Nb2O5 
catalyst with CoCl2 catalyst. Mw of the lignin in liquid streams 
for CoCl2 and Nb2O5 catalysts were 1,201.9 and 1,520.2 g mol−1, 
FigUre 5 | (a) Fourier transform infrared spectra and (b) gel permeation chromatography of lignin streams before and after oxidation.
Table 3 | Molecular weight of untreated lignin and oxidized lignin residuals.
source Mw (g mol−1) Mn  
(g mol−1)
Polydispersity 
index
Alkaline lignin 5,736.1 3,056.3 1.88
Residual lignin (CoCl2) 2,897.7 1,600.8 1.81
Lignin in liquid stream (CoCl2) 1,201.9 577.0 2.08
Residual lignin (Nb2O5) 2,602.1 1,424.3 1.83
Lignin in liquid stream (Nb2O5) 1,520.2 614.1 2.48
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respectively; both were lower than the corresponding solids 
residues and untreated lignin. However, the Mn showed to 
be much lower as compared to solids residues and untreated 
lignin; this is in accordance to the increased polydispersity 
index, indicating a wide span of MW after oxidation. Taken 
together, these results suggest that lignin underwent significant 
depolymerization during the catalytic oxidation; however, the 
dissolved and depolymerized lignin might have underwent 
FigUre 6 | Distribution of quantified products in the extracted oil using 
Nb2O5 and CoCl2 catalysts.
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repolymerization (Li et al., 2007; El Hage et al., 2009; Toledano 
et al., 2014).
Possible reaction sequence
Temperature and catalyst loading were the significant factors 
for both catalysts. Guaiacol, syringol, vanillin, acetovanillone, 
and homovanillic acid were the main compounds of the total 
quantified products (Figure  6). Yields of the total quantified 
products are detailed in Table S2 in Supplementary Material. 
Nb2O5 catalyst led to higher yield of products than that of CoCl2 
catalyst. Yield (%) with respect to the loaded lignin ranged from 
0.26 to 0.99 for Nb2O5 catalyst and from 0.41 to 0.90 for CoCl2 
catalyst, respectively, under the tested conditions. The product 
yields obtained from this study were comparable with results 
from previous studies using vanadium-based POM in presence 
of IL 1-butylimidazolium hydrogen sulfate and H2O2 with a 
product (vanillin, syringaldehyde, and guaiacol) yield of 0.055% 
(De Gregorio et al., 2016; Prado et al., 2016a). Low product yield 
in this study may be due to repolymerization of depolymerized 
lignin and/or over-oxidization products to other intermediates 
which were not detected in the GC/MS. Based on the insight 
gained from this study, a few possible approaches to improve 
product yield could be (a) a better control of the reaction time 
and temperature of the oxidation reaction; (b) selection of more 
selective catalysts; and (c) in situ product recovery such as using 
a biphasic system or via continuous product separation.
Complexity of lignin structure hindered the understanding of 
the reaction mechanisms of the substrate under catalytic oxida-
tion. Lignin model compounds (monomeric and oligomeric) 
have been investigated to understand the cleavage mechanism 
and parameters effecting the depolymerization product and yield 
(Xu et al., 2014). Depolymerization of organosolv lignin in ILs 
[C2C1Im][OTf] and [C2C1Im][Cl] under reductive conditions 
using Lewis and Brønsted acid catalysts showed low conversion 
despite the high yields obtained on lignin model compounds 
(Behling et al., 2016). On the other hand, catalytic oxidation of 
Kraft lignin, soda lignin, Alcell/organosolv lignin in ILs [C2C1Im]
[DEP], [C2C1Im][MeSO4], [C2C1Im][CF3SO3], and [C2C1Im]
[EtSO4] involving various metal oxides such as Ni, Co, V, Cu, Fe, 
and Mn coupled with oxidants such as O2 and H2O2 were effective 
on lignin conversion, however, did not lead to high product yield 
(Chatel and Rogers, 2013; Xu et al., 2014). Zakzeski et al. (2010b) 
studied the oxidation of organosolv lignin and soda lignin with 
1-ethyl-3-methylimidazilium diethylphosphate, [C2C1Im][DEP] 
IL in presence of transition metal catalysts; however, the study 
failed to detect any monomeric products via GC/MS. In another 
study, oxidation of lignin model compounds and lignin was inves-
tigated using dispersed metal nanoparticle catalyst in [C4C1Im]
[MeSO4] or [C4C1Im][PF6] (Zhu et al., 2012). It was postulated 
that there was insufficient disruption of lignin linkages to yield 
monomeric products or over-oxidation of monomeric product 
in the latter case.
Oxidation of lignin is a complex process, involving various 
kinds of reaction pathways. On the basis of previous literature 
(Zakzeski et al., 2011) and results obtained for the current study, 
we proposed a plausible reaction sequence for lignin oxidation in 
aqueous [C2C1Im][OAc]. Anion [OAc] from the IL coordinates to 
the Co or Nb, forming Co[OAc] or Nb[OAc] species. We hypoth-
esize that at 120°C IL behaves as an alkaline medium and under 
these conditions hydrogen peroxide dissociates to perhydroxyl 
anion (HOO–), an extremely strong nucleophile (Xiang and Lee, 
2000; Pokutsa et al., 2009). Perhydroxyl anion (HOO–) combines 
with Co[OAc] or Nb[OAc] species to cleave the aryl ether bonds 
of the phenolic moieties of the lignin to form lignin monomers 
(Varanasi et al., 2012).
cOnclUsiOn
The alkaline lignin was oxidized to aromatic compounds using 
transition metal catalysts in presence of H2O2 in an aqueous 
IL, [C2C1Im][OAc]. Among the seven tested transition metal 
catalysts, Nb2O5 and CoCl2 proved to be the most effective 
catalysts. From the batch experiment results, catalyst loading and 
temperature were significant factors affecting lignin conversion 
and product yield. The highest product concentrations were 
obtained using Nb2O5 catalyst with the main lignin depolym-
erization products identified and quantified in the extracted oil 
as guaiacol, syringol, vanillin, acetovanillone, and homovanillic 
acid. For both catalysts, guaiacol was the major compound, and 
the formation of guaiacol can be attributed to the cleavage of 
β-aryl ether bond of the alkaline lignin derived from softwood. 
Molecular weights of the residual lignin (both Mw and Mn) were 
lower than untreated alkaline lignin indicating depolymerization 
of lignin to aromatic products via oxidation. Product yield could 
be further improved by selecting catalyst/IL pairs for better 
conversion efficacy and selectivity and by applying in situ prod-
uct recovery to minimize lignin repolymerization or product 
over-oxidation.
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